INTRODUCTION
One of the principal products of the interaction of a fast electron (an electron accelerated through a potential of lOOkV or more) with a crystalline solid in the form of a thin film is characteristic x-ray emission. These x-ray photons with energies characteristic of the elements constituting the crystalline solid and peak intensities proportional to their concentrations in the material can then be detected by standard energy dispersive x-ray spectrometers to give a chemical microanalysis of the sample (Goldstein, 1979) .
Howe~er, the precise interpretation of these x-ray intensities in terms of their concentrations in the solid (chemical microanalysis) in an analytical transmission electron microscope is limited by a number of instrument and specimen related factors (Zaluzec, -3 -1979 ; Goldstein and Williams, 1978) which include among others the acceleration voltage and incident beam orientation (particularly for single crystals).
In general for crystalline materials, an incident plane wave of electrons under conditiona of strong dynamical scattering sets up a standing wave within the crystal. The Intensity modulations of this standing wave within the crystal unit cell are a function of the incident beam orientation and the acceleration voltage. As the scattering events (like inner shell excitations) that lead to characteristic x-ray production are highly localized, the x-ray intensities in turn, are strongly determined by the orientation and the acceleration voltage. For a given acceleration voltage or wavelength of the incident wave, it has been shown that this orientation dependence of the characteristic x-ray emission can also be used as a probe for determining specific site occupations of -!. ~3 elemental additions in single crystals (Spence and Tafto, 1983; Krishnan, Rabenberg, Mishra and Thomas, 1984; Krishnan, Rez and Thomas, 1985) .
The implications of this orientation dependence of the x-ray productions on energy dispersive x-ray microanalysis in a transmission electron microscope have also been briefly discussed (Olerns et al., 1973) . However, an interesting voltage dependence of this orientation dependence has also been suggested earlier (Krishnan, Rez and Thomas, 1983) .
In this paper we present the result of a systematic experimental investigation of the combined effect of the orientation and the acceleration voltage on characteristic x-ray production in thin crystals and discuss its ramifications on conventional energy dispersive r(\ x-ray microanalysis.
THEORY
We outline here the derivation of an expression for characteristic x-ray production in thin crystals in the conventional dynamical-theory formulation of electron diffraction (Hirsch et al., 1965) .
It has be~n shown (Heidenreich, 1962) that the incorporation of an imaginary crystal · potential iPCr> in the Schr6dinger equation
leads to a rate of energy lo88 per unit volume at the point r proportional to P(r)j4>fr'}l 2 • The rate of "absorption" of electrons In a volume V is then given by (2) and could approximate the characteristic x-ray production rate if p(r) is chosen appropriately.
The scattering proce88es that lead to characteristic x-ray production in thin crystals are highly localized (Krishnan ~ al., 1985; Bourdillon ~ al., 1981; Howie, 1979 ) and hence we assume that this imaginary part of the crystal potential ia a delta function at the mean atomic positions.. Ulder this assumption, the rate of characteristic x-ray production given by equation (2) 
.)
-5where 11' j are the excitation amplitudes of the lh Bloch wave, ~ are the Bloch wave coefficients and kj are components of the wavector for the electrons.
For centroaymmetric crystals, 11' j = C~. Neglecting absorption, one can then derive an expression for characteristic x-ray productions per unit _thickness from equations (1), This expression for characteristic x-ray production is composed of two parts: a thicknessindependent term of individual Bloch-wave contributions and a thickneas-<fependent term of Bloch-wave interference contributions. Further, it has been shown (Krishnan, Rez and Thomas, 1985) that the contributions from the thickness dependent term is small compared to the thickness independent term.
A more detailed elaboration of this derivation is published elsewhere (Krishnan ~ al., 1985) . The Inclusion of absorption ln a similar treatment Ia given by Chems et al., (1973) and a more complete description of ionizing events ln crystals including (e,2e) scattering kinematics has also been published (Maslen and Rossouw, 1983) .
CALCULATIONS
The spinel crystal structure la a layered one, for ln the [ 100] projection, it can be resolved Into alternating layers of parallel non-identical [ 004] planes. One of these planes is composed of the octahedrally coordinated AI 3 + ions and the other of the tetra-
2+
hedrally coordinated Mg ions. In this crystallographic projection, if one sets up a two--6dimensional diffraction condition by exciting a g = 004 systematic row, then the standing wave that is set up in the crystal under strong dynamical scattering conditions can be preferentially localized on one of these two planes with varying intensities by suitably altering the specimen tilt along the g = 004 direction with concomitant changes in the characteristic x-ray emissions (Spence and Taft4 1983) .
Hence, a 15-beam (-7g to +79) calculation for characteristic x-ray production intensities was carried out for MgA1 2 0 4 (normal spinel) for the g = 004 systematic row and over a range of incident beam orientations specified by the parameter k/g (defined such that k/g = 0.5 for the first order Bragg diffraction condition). For an acceleration voltage of 100kV this theory predicts (Krishnan et al., 1985) that there is· an enhancment of characteristic x-ray production for the tetrahedrally coordinated Mg atoms and the octahedrally coordinated AI atoms for positive excitation errors (k/g > 0.5) and negative excitation errors (k /g < 0.5) of the first order Bragg diffraction conditions respectively. X This is in good agreement with the experimental results of Taft6/ and Spence (1982) .
Similar calculations using equation (5) have been carried out for MgA1 2 o 4 spinels over a range of incident beam orientations (0 < k /g < 1.0) and acceleration voltages (60keV -X --400keV) by Krishnan, Rez and Thomas (1983) . In order to isolate the role of the acceleration voltage alone, the variation of the ratio of the characteristic x-ray intensities as a function of the acceleration voltage were calculated for a number of different orientations and plotted in Figure 1 . The ordinate R is a normalized measure of the orientation dependence and is defined as R = (R 1 -R 2 )/(R 1 + R 2 ) where R 1 = NAlk/NMg-k at the orientation of interest and R 2 = NAl-k/NMg-k at a symmetric orientation.
From this plot, one can infer that at the "inversion" voltage, the normalized ratios of intensities does undergo a reversal in character, i.e. change in sign. These calculations 0 were all done for a sample thickness of lOOA. acceleration voltage for each orientation (except for the non-Bragg case, at which no lower order diffraction vectors were excited). Further, these variations are statistically sig1,1ificant. However, in order to interpret the data and be able to comp8re spectra collected at different acceleration voltages, it is essential to normalize the data. We defi~e a· normalized measure (~) of the orientation dependence at each acceleration voltage and incident beam orientation (s) as R = rs-rzap a r + r a zap (6) where r 8 is the ratio of the intensities NAl,k/NMg,k at the orientation a, and rzap is the same ratio at a symmetric zone axis pattern orientation. Any variation in the value of Rs at constant acceleration voltage would then indicate an orientation dependence attributable to the preferential localization of the standing wave at the different planes within the crystal unit cell. The effect of voltage can be isolated by comparing values of ~ at a specific orientation (specimen tilt) specified by the excitation error, s. Further, Rs is a normalized thickness averaged intensity ratio. For the range of thickness that is -10relevant the variation of Rs is only weakly dependent on thickness (Krishnan, Rez and Thomas, 1985) and would be negligible when compared to the statistical fluctuation in the data. Based on the experimental data, values of this normalized measure have been calculated, tabulated in Table Z (Table 2) and is in agreement with the results of our calculations (Figure 1) .
However, the symmetric zone axis pattern orientation itself is a channelling orientation (S. J. Pennycook and Je Narayan, 1985) with an enhancement in the localization of the aluminum sites below the inversion voltage greater than the corresponding enhanced localization for negative excitation errors of the first order Bragg diffraction condition.
Therefore, at these acceleration voltages (V < VI) the decrease in the localization of the significant Bloch wave on the octahedral sites for positive excitation errors of the first (Table 1) gives rise to a ~ negative value of ~ at these orientations (Table 2) . Further, if the normalization were to be carried out with respect to a non-symmetric, i.e. non-Bragg orientation the data would give a positive value of ~ in agreement with earlier experimental results (Taftti and Spence, 1982) . On the other hand, above the inversion voltage (V > VI)' the experimental results indicate that s has a non-zero positive value, particularly for s < 0 and s « 0. A simple interpretation would be to attribute this to a change ln the localization of the Bloch wave on the two crystallographic sites, i.e. localization on the tetrahedrally-coordinated magnesium sites for negative excitation errors and on the octahedrally-coordlnated aluminum sites for positive excitation errors of the first-order Bragg diffraction condition respectively. This would lead to a considerable reduction of rs for s < 0 such that ~ < 0. However, for the symmetric orientation condition, there is a significant lowering in the val~e of rzap for V > VI (Table 1) , possibly due to a considerable drop in the localization of the Bloch waves on the aluminum sites. If this were to be the influential factor the parameter,~ normalized with respect to r zap' should increase considerably for all s. Therefore, it could be concluded that this orientation dependence is largely due to a change ln the localization with incident beam orientation for the systematic orientation condition. This explanation, though consistent with the experimental observation, does not agree with the results of the theory (Figure 1 ) which predicts an enhanced inversion for positive excitation errors of the first-order Bragg diffraction conditions. This anomaly is not understood and is being ·• 1 pursued at present. It should be emphasized, however, that the inversion behavior , 1 predicted by the theory is indeed real and confirmed by the above observations. 4 This observation of the "inversion voltage" behavior seems to be quite different from the conventional critical voltage behavior observed for a centro-symmetric crystal set at the second order Bragg diffraction condition. This critical voltage behavior is a'ttributed to an interchange of the symmetries and excitation amplitudes of the Bloch waves 2 and 3, that is, below the critical voltage wave 2 is symmetric and wave 3 is antisymmetric but -12above the critical voltage wave 3 is symmetric and wave 2 is antisymmetric (Humphreys and Fisher, 1971 ). This would lead to a degeneracy of the eigenvalues of the Bloch waves (Lally !!, al., 1972) at the critical voltage. Our calculations (Krishnan, Rez and Thomas, 1983 ) of the dispersion surfaces for the different acceleration voltages at and around the above inversion voltage reveal no degeneracies, suggesting that this effect cannot be interpreted as an interchange of the symmetries of the Bloch waves. Further one can also calculate the critical voltage for the MgA1 2 0 4 (spinel) using· the following simple 3 beam expression given by Lally !!_ al.: (7) where 
